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ABSTRACT

Aims. Very small asteroids (VSAS) are thought to be the buildiragks of larger asteroids and, as such, are interestingdg.sany

of these monolithic or deeply fractured objects displaydaptations with periods as short as several minutes. @asens of such
asteroids can reveal their spin limits, which can be reladdtie tensile strength of their interiors. The evolutionted spins of these
objects is primarily shaped by the YORPext, the theory of which needs comparison with observations

Methods. With the 10 m SALT telescope, we observed VSAs belonging tr-garth asteroids. The obtained lightcurves were used
to derive synodical periods of rotation, amplitudes, amthgations of these bodies.

Results. Results for 14 rapidly rotating asteroids were reportechanfirst paper in this series. Here we show lightcurves of 2 fas
rotators, 9 objects with periods 1 h, and a possible non-principal axis rotator. We also kgfative detections that most probably
indicate asteroids with long periods gadlow amplitudes. Combining our results with the data fréw literature, we obtain a set of
79 near-Earth VSAs with a median period of 0.25 h (15 min). Bjysting the spin limits predicted by theory to those obatons,

we find tentative evidence that the tensile strengths of V&fsr scaling them to the same size, are of the same ordee asimimum
tensile strengths of stony meteoroids that undergo fraggtien under the atmospheric load.
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1. Introduction bility of detecting the YORP féect from their rotation periods.
We also constrained the pole position of 2006 XY, whose spin

This is the third paper in the series reporting the resultthef axis obliquity was found to be smaller than°s0

extensive photometric survey of very small near-Earttraits, )
performed with the 10 m Southern African Large Telescope !N the present paper we report another 12 objects observed
(SALT). By very small asteroids (VSAs) we are referring te obdurlng our survey: 2 asteroids with periods shorter than drho
jects with absolute magnitudés > 21.5 mag, which translates 9 OPjects with periods of 1 4.5 h, as well as a possible non-
to effective diameters smaller thah = 0.15 km (with the as- principal axis rotator. We also mention negative detestioh
sumed geometric albedw = 0.20 — see Warner et al. 2009 forasteroids, for wh|c_h no brightness changes were obsermdaab
justification of this value). Due to their faintness, mostiugm ©OUr level of detection. At the end we combine our results with
are observed as near-Earth asteroids (hereafter NEAghdnet (h€ existing database of rotation periods of VSAs and compar
are also several VSAs from the Main Belt, whose reliable-pef’€mM with spin limits predicted by theory.
ods have been derived.

The instruments and the methods of data reduction were de-
scribed in Kwiatkowski et al. (2009b), which presents obser .
vations of an unusual asteroid 2006 Bl A systematic pre- 2- Lightcurves of 12 asteroids
sentation of the early results of the survey were presemted i _ . . . . .
Kwiatkowski et al. (2009a) (hereafter Paper I) where we puﬂﬂ this section we present observations and derive perpds a
lished the lightcurves of a sample of the fastest rotatiteragls € /ongations of 12 asteroids from our survey. The synodié per
(periods shorter than 1 h). We described the selectiomrieriad ©dS Of most of them are found to be longer than 1 hour, which

resented the rotation periods, amplitudes and elongafiio 4 made_ it dﬁ‘icult to observe all rotation phases with SALT. As
gbjects. P P explained in Paper |, SALT can usually observe targets taice

In the second paper (Paper II, Kwiatkowski 2009), we dig_ight, during the East and West tracks, each of which lastiabo

cussed future close approaches of the observed fastmta e hour. Due to this limitation, in the analysis we assume a

; ; : .~ typical two maxima, two minima lightcurve, which means ther
(adding the objects already studied before), as well asabsip is ambiguity in the derived periods. Although unlikely, tinee

Send offprint requests to: T. Kwiatkowski, periods could be two times shorter or longer than the obthaine
e-mail: tkastr@vesta.astro.amu.edu.pl results. Such uncertainties are typical in the case of m&¥s/

* based on observations made with the Southern African Larg§&d their periods can still be used for statistical analyzhe as-
Telescope (SALT) pect data and observing log for each asteroid are given ile Tab
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Table 1. Aspect data and the observing log.

Asteroid H Date Obs. time r A @ A B V Mov Exp N N
[mag] (UTC) (AUl [AU]  [°] [] [(] [mag] ['/min] [s]
2007 CXso 247 2007-02-17 25:32-26:44 1.030 0.044 188 1468 -195 918 44 30 55 55
2007-02-19 23:50-24:46 1.036 0.051 21.3 1478 -221 193 2 315 87 52
2007 EO 228 2007-03-12 19:42-20:31 1.038 0.056 37.4 19433.4- 18.1 88 10 107 96
2007-03-12 26:07-26:34 1.037 0.056 37.5 1951 -33.0 18.1 8 810 71 65
2007-03-15 26:56-27:29 1.036 0.054 38,5 2032 -29.5 180 6 910 78 70
3
2

2007-03-20 22:06 —22:41 1.035 0.055 439 2236 -16.4 18.2 910 48 31
2007 GU 25.0 2007-04-12 22:37-23:01 1.031 0.030 184 2037 189 418. 7 10 175 156
2007-04-13 22:38-23:05 1.023 0.021 19.2 208.6 18.9 17.6 3 52 43
2007 HLy 242 2007-05-12 19:09-20:43 1.065 0.070 37.2 2427 -383 .120 36 60 75 43
2007 RE 22.8 2007-09-06 22:33-23:13 1.064 0.066 31.5 13.0 -173 418. 109 10 91 59
2007-09-16  23:09-23:47 1.067 0.101 50.2 35.7 -38.9 19.9 4145 73 39
2007 UG 23.0 2007-09-20 19:05-19:44 1.095 0.121 29.2 242 -248 919. 42 15 79 58
2007 RYy 23.4  2007-09-20 24:42-25:52 1.076 0.102 427 3319 -403 320 86 15 172 144
2007 TS4 244  2007-10-13 23:22-24:05 1.045 0.047 5.2 23.6 -4.3 183 251 10 103 56
2007 UG 23.0 2007-11-02 22:02-22:39 1.058 0.071 21.7 49.2 -215 518. 11.0 5 112 107
2007-11-02 25:24-26:41 1.058 0.072 223 495 -221 185 3115 198 185
2007 XNy 25.6  2007-12-14 23:46-24:09 1.011 0.030 285 1094 -12.7 .3 19 10.2 10 54 35
2007-12-18 23:39-25:38 1.025 0.050 33.8 119.1 -151 206 6 330 178 147
2007-12-19 24:46-25:16 1.029 0.055 34.0 1205 -15.3 208 9 230 50 25
2008 CRyg 22.8  2008-02-28 23:37-24:18 1.105 0.115 59 160.2 -1.7 185 33 10 75 71
2008-02-29 21:36-23:07 1.109 0.118 6.1 162.0 -1.6 18.6 3.5 162 66
2007 RQ, 23.6 2007-09-16 19:05-19:37 1.046 0.049 321 3338 -27.6 .6 18 124 5 93 83
2007-09-16 24:51-25:38 1.048 0.050 31.1 334.8 -27.0 186 4125 137 111

Note: the first two columns show the asteroid name and itslatesmagnitudeH. For each night a date is given in the order year-month-day,
followed by the UTC observing time (to avoid ambiguity timefser midnight are given as numbers greater than 24ndA are the distances
of the asteroid from the Sun and the Earth, respectivelg, the solar phase angle, whileandg are the geocentric, ecliptic (J2000) longitude
and latitude — the last five values are given for the middléhefdbserving interval. In the next column an average brigg¥ of the asteroid,

as predicted by the Horizons ephemeris, is given. Startimg the tenth column, the table gives the asteroid movemeni@ sky (Mov), the
exposure time (Exp), the total number of CCD frarhgobtained for a given asteroid, and the number of fradesgsed in the analysis. All the
exposures were obtained with the standard Kron-Cousinge.fil

2.1. 2007 CX5g The lightcurve of 2007 C appears to have a peridt >

. . ) . 1 h so we were unable to cover all phases of its rotation and had
This Apollo asteroid was dlscovered_by the Catalina Sky @jarvt_o assume a typical two maxima, two minima lightcurve to-esti
on 15 Feb 2007 and announced in Minor Planet Electronigate the period. During the observations on 17 Feb we redorde
Circular (hereafter MPEC) 2007-C71. We observed it W“Bart of one shallow maximum (Max and most of the other
SALT on 17 Feb under photometric conditions and on 19 Fepyavimum (Ma, Fig. 1). The maxima are separated by ~
under clear conditions. Unfortunately, on 19 Feb the image#-q (029 d which is equivalent to about3P or, more conserva-
ity (IQ) was poor, and to measure the images we had to use ]tK/er, 0.4P < Aty < 0.6P. From this we obtaif® = 1.45+ 0.3 h,

apertures (the aperture diameter used on 17 Feb frames Wyas Qfhere the quoted uncertainty is the maximal error rathar tha
6”). Additionally, we had to discard data from the beginnind ansisndard deviation.

the end of the track due to their increased noise.

The asteroid brightness was measured with with respect to
one comparison star with five other check stars being used to There is part of the lightcurve from the 19 Feb, which covers
monitor the instrumentalftects (a similar procedure was usedhe whole maximum (Mag. It is similar in shape to the maxi-
in the case of other objects reported in this paper). Theescainum Max, from the 17th. We can identify the two as the same
of the check stars was at the level:3.05 mag with occasional feature, separated byt, = 1.993 d. Unfortunately, the accu-
systematic shifts also present. Obviously, theects can also racy of our first approximation oP is insufficient to connect
be traced in the lightcurve of 2007 Gx(Fig. 1). For example, Maxz and Max without ambiguity. Using Eq. 3 in Paper I, or
at rotation phases of 0.1 and 0.25 the asteroid brightnegsdrrather its modified version for the lightcurves with distirgh-
by 0.1 mag which is an instrumentaffect as it disturbs the con- able maxima, we can see that to be able to fold both the 17th
tinuity of the curve. and the 19th maxima, we should first derive the period with an

During the 17 Mar observations the telescope had to be eecuracy better than.5)P2At5l or 0.02 h. On the other hand,
pointed in the middle of the track, which resulted in a newaset we can use the 19 Feb data to reconstruct part of the lighecurv
comparison stars being used. Unfortunately, none of there w&ince May corresponds to Max we can fold them obtaining a
the same as those used previously and so we could not obtaider coverage of this feature. Further we can shift theiobth
the exact magnitude shift between the two parts of the datia. Tlightcurve fragments so that the common parts of Mamd the
situation also arose for other asteroids presented in el combined Max and Max are superimposed (without Mathis
The magnitude shifts in such cases were either derived glurimould have been impossible). The result, presented in Fig. 1
a least-square fit of the Fourier series or estimated by nilgnuaised to estimate the peak-to-peak amplitude of 200¢,@X¥
shifting parts of the data based on the overlapping parte®f tA > 0.8 mag. This in turn suggests an asteroid elongation of
fragmentary curves. a/b> 1.6.
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Fig. 1. Composite lightcurve of 2007 G obtained with a period® =  Fig. 3. Composite lightcurves obtained for 2007 EO with two periods

1.45 h. The part of the Fourier fit beyond the 0.65 phase is utti@ined P = 2.76 h andP,, = 2.25 h, both of which are acceptable.

by the data and serves only as an example. The zero phase emthi

the subsequent plots is corrected for light-time.

10 where the uncertainty is the maximum error. Assuming the end
~t T T of the lightcurve observed on 12 Mar during the West track is

L the maximum brightness we compute delience in time be-

i tween it and the beginning of the East track data from the same
night: At, = 0.287 d. If both maxima are the same feature, then
they should be separated P, whereN is an integer num-
ber of asteroid rotations. If not, then the timéfdience should
be (N + 0.5)P. Since we already constrained the perl®dAt,
can only be 5P, 3P, or 35P which, in turn, translates to
P, = 2.8,P, = 2.3, orP3 = 2.0 h. These are only approximate
values since we did not actually cover both maxima in full.

In the next step we tried to use all data (except the 31 Mar
lightcurve) in a simultaneous Fourier fit. Since there ismath
overlap between the partial lightcurves, and all of them are
fy f shifted in magnitude with respect to one another, the method
3337 o5 o5 o7 08 Uused in the analysis of the previous asteroids did not work. W
Rotation frequency [1/h] obtained many local solutions of comparaptesalues when us-

ing the 4th, 6th as well as the 2nd order Fourier series. Most

of them produced unrealistic composite lightcurves. Tdista

lize the problem we assumed both maxima should be on the
22 2007 EO same level. Wi_th the relative sh_ift_s between the f_itted_ kghves _

- fixed, we obtained the local minima presented in Fig. 2, which
Discovered on 9 Mar 2007 by the Siding Spring Survey (MPEghows they? value versus the rotation frequency. We used the
2007-E41), this Amor asteroid was observed with SALT on fodrequency instead of the period as it better illustratessibdes
nights: 12 (both East and West tracks), 15, 20, and 31 Mar.20@liases.

All of the nights were photometric except the 12 Mar, where There are four clusters of minima in this plot: the left-
there were scattered clouds in the sky. On 31 Mar obsenstionost group represents frequencies which are associatéd wit
were taken in bright time, which resulted in increased naise lightcurves having the most signal in the fourth harmonivey
the asteroid’s brightness. The images were measured with afrave four maxima and four minima per rotation. The second
tures of ,5”,10” and 4’ respectively. The data obtained orgroup of solutions (when looking from left to right), refeis

31 Mar, covering part of the brightness maximum, was not useto maxima, two minima lightcurves, and the last two groups
in our analysis because it was noisy, too distant in time veaxsl are associated with lightcurves with the most signal in trs# fi
obtained at a dierent observingjlumination geometry. The rest Fourier harmonic.

of the data are presented in Fig. 3. As we initially limited the analysis to the two maxima,

Already the first partial lightcurve, observed on 12 Mar dutwo minima lightcurves, we searched the local solutions t
ing the East track suggests 2007 EO rotates with a periogtlongecond group from Fig. 2. There we found only two cases in
than 1 h. As it was not possible to cover one full rotation ofhich the composite lightcurve looked reasonable. Bothi-sol
the asteroid, a unique determination of its period is iminbss tions f; and f, are presented in Fig. 3 and refer to periods of
We can derive its most probable value, however, assuminga t®;, = 2.76+0.01 h andP), = 2.25+0.01 h respectively. As can be
maxima, two minima lightcurve. In this case the length of theeen they are very close to the two solutions obtained puskjio
12 Mar lightcurve from the East track, whichA¢; = 0.025 d, when using only the 12 Mar data. The third possible solution
can be regarded as 0.2-0.3 times the full rotation. Fromwvtieis Ps, which translates to a frequency bf= 0.5h™, can be dis-
obtain a first approximation of the perio® = 2.5+ 0.6 h, carded based on Fig. 2. The composite lightcurves obtaiitad w

log X
-
=)

Fig. 2. x? plot for 2007 EO
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Fig.4. Composite lightcurve of 2007 GU1 obtained with a per®e  Fig 5 Composite lightcurve of 2007 HL4. Peri®i= 1.48 + 0.02 h.
4.1 h. Itis given only to show the available data. The true kghte can

have quite dierent shape than the fitted Fourier series.

bothP; andP;, are presented in Fig. 3. They are not unique s
lutions because of the arbitrary assumption of the equal lefv
the maxima, and should be treated as possible solutionserun
a much weaker assumption of two maxima and two minima per
rotation we conclude that the period of 2007 E®is 2.4+ 0.4
(where 0.4 is the maximum error). The lightcurve maximum amy-5 »9g7 RE,
plitude isA > 1.2 mag which translates to an asteroid elongation

ofa/b>17. 2007 RE was discovered on 5 Sep 2007 by the Catalina Sky
Survey (MPEC 2007-R22). As soon as its orbit was determined,
23 2007 GU we observed it with SALT. On 6 Sep 2007 conditions were pho-

o 1 tometric and we observed 2007 Réiring both the East and the
2007 GY was discovered on 11 Apr 2007 by the Catalina SKy/est tracks. Unfortunately, the data from the latter werkoaf
Survey (MPEC 2007-G28). It was observed with SALT on 1@uality and were not used in an analysis. The images from the
Apr 2007, under photometric conditions, and on 13 Apr thtoud=ast track were measured with &”1@perture and yielded part
thin cloud. The CCD frames were measured witt 408d 6’ di- of the asteroid lightcurve with two minima and one maximum
ameter apertures respectively. As in the case of 2005 aKe present (Fig 6). Using the same procedure as previously tive es
period was too long to fit into a single track so we were not abieated the synodic period of 2007 Rt6 beP = 1.0+ 0.2 h.

to cover the whole rotation of the asteroid. With the assimnpt  \ve repeated observations of 2007 Rif 16 Sep. Its solar
of a typical two maxima, two minima lightcurve, however, Weyhase angler had increased from 33on the 5th Sep) to 50
can estimate the period. On the 12 Apr lightcurve (Fig. 4) Wene night was photometric and the images were measured with
can see a brightness drop from a maximum to a minimum d@* apertures. Due to interference from stray light many images
ing aboutAt; = 0.0452 d which corresponds to a rotation phasgad to be discarded and the quality of the remaining ones was
change of 0.2-0.3 in a typical lightcurve. The whole synquie poor. Furthermore, the long time span between both obsgrvin
riod would then be B < P <55 h. o o nights makes it impossible to use the two lightcurves toeett
On 13 Apr we recorded a narrow minimum in brightnesgonstrain the asteroid period. The 16 Sep data, howevetioon
which is diferent from the shallow 12 Apr minimum, observegwo brightness maxima and confirm the already derived period
atAt; = 0.952 d earlier. This means both featuresldre0.5 ro- - of 2007 RE. They were moved arbitrarily both in time and mag-
tations apart, wherl is an integer number. The already deriveditude to fit the 6 Sep lightcurve and present a reasonablehmat
first approximation forP limits N to three values: 4, 5, and 6,The visible discrepancy in the minima could be caused by the
which, unfortunately, does not help us to narrow down therint jncreased phase angle.
val for the period. As a final result we obtath= 4.5+ 1 h. The

. : . _ The lightcurve amplitudé = 0.5 mag, observed on 6 Sep at
!cli?)rr]]tgl;;\;% zirripgtude ofA > 0.8 mag translates into the elongaa — 32 translates to an elongationafb > 1.3.

%5 apertures. The 4th order Fourier fit to the data gave a ootati
eriod of P = 1.48+ 0.02 h (Fig. 5). The lightcurve amplitude
0.55 mag suggests an asteroid elongatioay/bf> 1.5.

2.4. 2007 HL4 2.6. 2007 UC»

On 19 Apr 2007 an Amor asteroid was discovered by tHeiscovered by the Catalina Sky Survey on 18 Oct 2007, this
Mt. Lemmon Survey in Arizona. The discovery was reported iAmor asteroid was observed with SALT on 8 Nov 2007 under
MPEC 2007-H24 and the asteroid was designated 2004, Hphotometric conditions. The images were reduced withper-
Due to the extended engineering period at SALT we could ontiyres and revealed a double-peaked lightcurve with a pefiod
observe it almost a month later, on 12 May. The images wdPe= 0.527+ 0.016 h (Fig. 7). The peak-to-peak amplitude of
obtained under photometric conditions and were measurdd wh = 0.4 mag translates to an elongationegb > 1.2.
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Fig. 6. Composite lightcurve of 2007 RE2 obtained with a perfoe: Fig. 8. Composite lightcurve of 2007 RYobtained with the perio&® =

0.995 h. Itis not a unique solution and is given only to show tveila 12h.
able data. The accepted period of 2007, REL+ 0.2 h.

180k _ I ' I ' I O' e ] nitude was determined from the stars visible on the images us
| 2007 UC2 | toobtain both the first and the second part of the lightcuFie.
190 | lightcurve amplitude has a peak-to-peak amplitude of 1.8,ma
o | C ® | which is very unusual at the phase anglenoE 5° as it sug-
E 200 © gests an elongation @f/b > 2.8. Before we try to interpret it,
s~ let us look at other asteroids that display lightcurves dfesre
g i amplitudes.
> 210 A well established model of the near-Earth asteroid (1620)
S I Geographos shows a cigar-shaped body with an elongation of
9 2.20 a/b ~ 2.5 (Hudson & Ostro 1999). Another very elongated
x NEA, (4179) Toutatis, consists of two parts which can be ei-
2:30 ther connected by a narrow bridge or form a contact binarly wit
©o 1 anelongation of/b =~ 2.5 (Hudson & Ostro 1995). Similar ob-
2.401 Zero phase at JD 2454413.30159 Period= 0.0220d7| jects can also be found among smaller NEAs. Whiteley et al.
5 : 0'2 : ol y— 0' - ol T 1 (2002b) list elongations for seve_ral VSAs with two extreme
’ Rotation phase ' cases: 1995 HM and 2000 EB havinga/b of > 3.1 and> 2.9,

respectively. However, to correct the observed amplittmzsro

Fig. 7. Composite lightcurve of 2007 Ubtained with the perio® = phase angle they used= 0.02 (as can be easily inferred from
0.527 h. their data) which in our opinion is too small (see Paper | for e
planations). If we recompute their results with= 0.03 then
the above mentioned elongations for 1995 HM and 2009,EB
2.7. 2007 R¥q become> 2.6 and> 2.4 respectively.
This Amor asteroid was discovered on 11 Sep 2007 by Catalina The lightcurve of 2007 T& consists of the central, quasi-
Sky Survey (MPEC 2007-R52) and observed with SALT osinusoidal part, bracketed by two V-type minima. Such manim
20 Sep 2007 under clear conditions. The images were meae typical for binary asteroids (Mann et al. 2007), and jndg
sured with 8 apertures and revealed a double peaked lightcurfrem the lightcurve alone, 2007 BScould be an asynchronous
(Fig 8). Due to the short time-span and the noise we cannot Upirary with two elongated components, producing their own
ambiguously determine the rotation period. Assuming tpiclight variations, and eclipsing each other. In this caseottéal
two maxima, two minima light variations however, it is passiperiodP,, would be twice as long as the time span between the
ble to derive the most probable synodic period using the-timeinima, which isAt = 0.52 h.
spanAt = 0.6 = 0.1 h between the consecutive brightness max- Unfortunately, this scenario is unlikely when we considher t
ima. From this we obtai® = 1.2 + 0.2 h where the uncer- dynamics of such a system. In the simplest case of two equal
tainty is the estimated maximal error. The lightcurve atoplé  spheres with radiR on a circular orbit with a radiua, the ratio
of A = 0.6 mag translates to an elongationegh > 1.3. a/Rshould obviously be greater than 1. From Kepler’s third law
we know that in such a casgR ~ PZ3p'/3 and with a fixetPors
this ratio is constrained by the density range. Pgp = 1.04 h
2.8. 2007 TS24 we find that such a simplified binary system can only exist if
2007 TS4 is an asteroid with peculiar light variations,p > 5100kgnt3. For two elongated bodies of comparable size
Discovered on 11 Oct 2007 by the Catalina Sky Survey (MPB®@e density would have to be even greater.
2007-T84), it was observed with SALT on 13 Oct during a pho- Another explanation of the strange lightcurve of 200%4'S
tometric night. The images were reduced withapertures. assumesitis an elongated body of very complicated, nomecon

The lightcurve (Fig. 9) consists of two parts which were olshape, rotating with a period & ~ 1 h. As the amount
tained with diferent comparison stars. The relative shiftin magf data is limited, we cannot exclude non-principal axis ro-
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Fig. 10. Example composite lightcurve of 2007 UG6 obtained Atk
1.85 h, while the formal solution for the periods= 1.82 + 0.07 h.
tation. In fact, it would make sense due to the complicated

shape of the lightcurve. At this moment, however, we coreluc 05—————1———71——71 05S——71 T 71—
that 2007 TS, most probably rotates with a synodic period 0 1[- 2007 XN16 14/15Dec 2007 o[ 16/20 Dec 2007
P = 1+ 0.3 h. As before, the uncertainty in the period was e: ;s ~ J osl - ]
timated under the assumption that the time span betweenb  ,[ :;.-' q 4F . & 4
minimaAt is equal to a rotation phase change of 0.4-0.6. g 25 " S‘.;’ J 1sL ’ *. ]
% 3L B ]
2.9. 2007 UG6 g S'SV 23%{5'3600'(;0'0(; 00'2.4'2;1 0&'2!;48 %g;S'1é00'é7'3f§01'i2'0601'£6'24 .
This Amor asteroid was discovered by the Catalina Sky Surv.% 150 T T T T T T i T
on 21 Oct 2007 (MPEC 2007-U52). We observed it on 2 Ncg 2| 18119 Dec 2007
2007 under photometric conditions. The data were colletied 250 . e  oea . N
ing both the East and West tracks, and the images were melasi 5[ &% ¢ . S . N PYR
with 5” apertures. a5k S By A .
The three partial lightcurves obtained are presented AL g iy N
Fig. 10. The first part from the West track covers both the ma - ‘ | ‘ | ‘ | ‘ |

imum and minimum — from this, assuming a two maxima, tw 243112 00:00:00 00:28:48 00:57:36 01:26:24

minima lightcurve, we can estimate the periodPas 1.7+0.3 h. ute

Fortunately all three lightcurves are close in time whickphe Fig.11. Lightcurves of 2007 Xhs showing signs of non-principal axis

in folding them together without the ambiguity M. The con- rotation

straints onP mean that the East track lightcurve can be con-

nected to the beginning of the first part of the West track.data

The actual shift in magnitude is not known but it has littfeet  short lightcurves. As a result, we used only the 18 Dec dada an

on the derived period, which B = 1.82+ 0.07 h. (the quoted obtained an approximate solution for the perive 1.7 +0.2 h.

uncertainty is a maximal error and not a standard deviation) An example of the composite lightcurve, which we find con-
An example composite lightcurve of 2007 JGvith a par- vincing, is presented in Fig. 12. Its amplitudeAf= 1.4 mag

ticularly convincing shape, is presented in Fig. 10. It was otranslates into an elongatiarib > 1.9.

tained using a period d® = 1.85 h and has an amplitude of

A = 0.8 mag, which suggestyb > 1.6. While we think that

a smaller amplitude is unlikely we cannot rule out the pdlssibz'll' 2008 CP116

ity of a larger amplitude. This, however, does not influenge oThis Amor asteroid was discovered by LINEAR on 11 Feb

estimation ofa/b. 2008 (MPEC 2008-C87). It was observed with SALT on two

nights: 28 and 29 Feb 2008. The weather was photometric and

the images were reduced witl Sliameter apertures. The as-

2.10. 2007 XN16 teroid lightcurves on both nights, albeit noisy, showedrsho

2007 XN was discovered by LINEAR on 10 Dec 2007 (MPE@eriod variations but their peak-to-peak amplitudes wetly o

2007-X52) and observed with SALT on three nights: 14 Dec (uf-15 mag. In Paper | we followed a restrictive rule to dischath

der clear conditions), 18 Dec (during photometric condislp with brightness changes lower than 0.2 mag due to the SALT's

and 19 Dec (with the sky partially clouded). The data weiignperfectimage quality and the lack of a flat-fielding coti@t.

measured with apertures of 56” and 6’, respectively and re- We decided to include this asteroid in the present paper; how

vealed complicated lightcurves (Fig. 11). As both the 14 Daver, because the same frequency is visible on three indepéen

and 19 Dec data cover brightness minima, we tried to fit themlightcurves: two from 28 Feb and one from 29 Feb.

the minima seen in the 18 Dec data. This, however, was impos- A Fourier analysis of the 28 Feb data yields a perio&pf

sible with a single period which means that 2007l a non- 0.342+ 0.006 h and the 29 Feb lightcurve reveals a period of

principal axis rotator or that there is an error in one of thhe t P, = 0.327 + 0.003 h. Both are consistent within the quoted
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Rotation phase

Fig. 12. Composite lightcurve of 2007 X}y obtained with a period of

Fig. 14. Peculiar lightcurves of 2007 RQ Both the upper and the lower

P=1835h panels are drawn to the same scale. The second part of thér&st
data (marked by squares) is arbitrarily shifted in magmtud
: , : , : , . . .
2008 CP116 D 56130 Feb, shi: +0.05 |
0.00+ — 2nd order Fourier fit | |
[}
§ DoD © 0 o Also, similar patterns displayed in both the East and thetWes
= 0.05 . ® track lightcurves (like the large amplitude part coexigtinith
g 0 the small amplitude part) confirms that our result is real.
E 0.10 Even though asteroid lightcurves of large amplitudes with
o four maxima and four minima per period are very rare, we can-
B 015 not neglect such a possibility. If we assume there are untigte
& systematic errors in the East track lightcurve, then it doepre-
B sent part of the West track data (after folding them and aidjgis
0.20 i 7 their ends). For this to be possible, however, the East tlatk
9" Zero phase at JD 245452639956 Period=0.0136d | Should be shifted byAt ~ 0.2528 d and the period should be
0250 . ! ! ! . ! .- longer than the time span covered by the West track data (as
0 0.2 0.4 0.6 0.8 1 the beginning of the lightcurve does not fit its end). Thid las

Rotation phase

condition mean® > 0.698 h. The number of asteroid rotations

Fig. 13. Composite lightcurve of 2008 GR obtained with the period resulting from this isN < 8, from which the shortest possible
P = 0.327 h using the 29 Feb data. The accepted solution (deriged fr period isP ~ 0.76 h.
both 28 and 29 Feb) for this asteroidAs= 0.330 h.

uncertainties. The time span between both observatiorsis r
long to combine the lightcurves in a simultaneous fit. In taise

we accept the weighted mean®fandP,, which isP = 0.330+

0.003 h.

The composite lightcurve of 2008 ¢R, obtained with the
29 Feb data (which are more numerous and of better qual
than the 28 Feb data) is presented in Fig. (13). The amplifid

0.15 mag suggests an elongatioragih > 1.1.

2.12. 2007 RQ12

2007 RQ2 was discovered by the Siding Spring Survey o

e

Another, more probable, explanation of the peculiar
lightcurves of 2007 Rg) is non-principal axis (NPA) rotation.
ourier analysis of the West track data reveals five sigmifica
requencies, which we list in the order from the strongest to
the weakest:f, = 219, f; = 163, f3 = 294, f, = 4.38,
fs = 8.72h L. The East track lightcurve covers a shorter time
span hence the frequencies are less pronounced. Stillwihe t
grongest of themf; = 2.14 f; = 4.22 hr! have similar values
to’'their counterparts obtained from the second part of tbtni

As can be seerfg ~ 2 f4 ~ 4 f, are aliases and are associated
with the visible lightcurve extrema. A typical two maximad
minima pattern can be traced fp, which is related to a period
of P = 0.228 h (13.7 min). A similar period is present in the
frast track lightcurve. It is marked in both lightcurves bytieal

11 Sep 2007 (MPEC 2007-R65). We observed it with SALT off "OWS. pointing to the brightness maxima separated.by
16 Sep 2007 under photometric conditions during both the Eas To compare the NPA asteroids with the principal axis rota-
and the West tracks. The CCD frames were measured With tPrs they are often registered in the database under thedperi
and 10 apertures, depending on the image quality. During bot_ﬁSuItlng from the two maX|ma_and two minima pattern in their
runs the asteroid was passing bright stars. Additionaigre lightcurves. They are treated this way, for example, in to®B
was also a loss of focus during one observation. As a resariethdatabase (which is discussed in Section 3). Because ofuhis,
are gaps in the obtained |ightcurves (F|g 14) W|" assign to 2007 R@ the per_|0d of 023h and conclude that
The lightcurves look very unusual and even though thélis most probably a NPA rotating asteroid.
cover more than one hour, there is no repeatable pattern in ei A maximum amplitude of 1.9 mag is observed in the East
ther of them. The check stars comparable in brightness to thack lightcurve and suggests an asteroid elongatioa/bf>
asteroid did not reveal any systematic shifts larger thamtag. 2.4.
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Table 2. Summary of the results. Table 3. Negative detections.
Asteroid P AP A a/b D Asteroid Date At Exp Am D
(h] [h] [mag] (km] (h] [s] [mag] [km]
2007 Cx%o 145 +03 >08 >16 0.035 2007 Kk, 2007-08-0@09 1.0 10 0.1 0.145
2007 EO 24  +04 >12 >17 0.082 2007-08-0910 1.1 10 0.1
2007GY 45 +1 >08 =>16 0.030 2007 PR 2007-09-0405 0.8 15 0.2 0.092
2007 HL, 148  +0.02 0.55 >15 0.043 2004 HZ 2007-04-123 0.3 30 0.1 0.106
2007 Rk 1.0 +0.2 05 >13 0.081 2007 RH 2007-09-006 0.5 10 0.15 0.090
2007 UG  0.527 +0.016° 0.40 >12 0.075 2007-09-007 0.5 10 0.15 0.090
2007 RYy 1.2 +0.2 0.60 >13 0.062 2007 GY, 2007-04-1316 0.5 15 0.1 0.030
2007 TS, 1.0 +0.3 13 >28 0.039 2007 VHg, 2007-11-1417 0.5 10 0.15 0.124
2007 UG  1.82 +0.07 08 >16 0.073 2007-11-1718 0.5 10 0.15 0.124
2007 XN 1.7 +0.2 14 >19 0.023 2007 EkKgg  2007-03-228 0.7 20 0.15 0.149
2008 CRys 0.330 +0.003 0.15 >11 0.082 2007 CQ 2007-04-0¢10 1.7 15 0.20 0.112
Possible NPA rotation asteroid 2007-05-009 0.5 15 0.20
2007 RQ, 023 — 19 >24 0.059 2007 CQe  2007-03-1417 1.5 10 0.15 0.156
Note: P is the synodic period of rotatiol\P is its systematic 2007-03-1819 1.5 30 0.1 0.156
uncertainty (maximal errorjA is the peak-to-peak lightcurve Note: At is the time span covered by observations, Exp gives the time
amplitude a/b is the elongation of the asteroid abddenotes its of a single exposureymis the recorded magnitude range, dnd
effective diameter computed with the geometric albpge= 0.2. stands for the ffective diameter.

(*) the quoted uncertainty is the standard deviation

As our survey resulted in many new determinations of peri-

3. Summary of the results ods, itis natural to combine them with data from the literatio
) ] perform a basic statistical analysis. The Light Curve Daiad3

The results obtained from the presented lightcurves arersho cpB), described in Warner et al. (2009), was last updated o
in Table 2. It contains the derived synodic period of rotatioz1 Apr 2009. It contains periods for 49 VSAs from the popu-
P, its estimated systematic uncertainty> (maximum error), |ation of NEAs (excluding 2006 RHg) and 5 VSAs from the
the lightcurve pea}k-to-_peak amplituBethe minimal elongation \ain Belt (all of them with quality cod&) > 2).
a/b, and the fective diameteD. Recently new periods were reported for four very small

The amplitudes for all asteroids but one are greater thRiEas by Birtwhistle (2009), who presented lightcurves of
or equal to ® mag, which is probably caused by our deteg009 FH, 2009 HM,, 2009 KWs, and 2009 Kls. Adding them
tion threshold resulting from the instrumental shortcogsi(the  to the LCDB yields a total of 58 VSAs. During our survey with
lack of flat-fields and stray light). These issues are desdrib  sa|T we obtained periods for one unusual NEA, 2006,RH
Paper |. _ _ _ ~ (Kwiatkowski et al. 2009), 13 fast-rotating NEAs (Paperdijd

In Table 3 we list negative detections — the asteroids f@fother 12 objects from the near-Earth asteroid populétits
which no light variations have been observed. It shows the ti paper). We also revised the period of 2006 XY, which is al-
spanAt, covered by our time-series photometry, the exposufgady included in the LCDB, and which we discussed in Paper I.
time Exp, the_observed range of brightness variations alsasel Altogether our set of rotation periods for VSAs (with > 2)
the dfective diameteD. ~ presently contains 84 objects, 79 of which are NEAs.

In such cases there is always the problem of smoothing a Fig. 15 presents a histogram of the spin ratesf 78 very
possible lightcurve amplitude by signal integration. ATing  small near-Earth asteroids (2008 HJ, which displays an ex-
to Pravec & Harris (2000, Eq. 5), the amplitudg of the dom-  tremely short period of 45 s, is not shown in the plot). The me-
inant second order Fourier harmonic in asteroid lightcsiige dian diameter of the whole sample of 79 objects.&5km. Due
decreased by 0.5 if the integration tirhg, is one third of the o the wide range of frequencies many bins are empty and oth-
rotation periodP. As tex, approaches.8 P, A; diminishes. The ers contain only one object which makes iffidiult to interpret
exposure times in Table 3 show that the finite integratior$mthis part of the plot. The median spin rate of the whole sarigple
of 10-30 s could prevent us from detecting large amplitude ol o h-1, which translates to a rotation period of 0.25 h (15 min).
jects with periods shorter than 1 minute. The example of 206§®e inset plot presents in more detail the left side of the his
WHj, for which a rotation period of 80 s has been measurgggram, where most objects are clustered. There is an eress
(Whiteley et al. 2002a) shows that such short periods even fow rotators { < 2h!) and a concentration of objects close
D ~ 100 m asteroids are possible. _ to the median value. To check if the latter depends on asteroi

~ There are also other, more probable, explanations of our nggze we split the sample into two subgroups along the median
ative detections: the rotation periods are long, the olisgiye-  diameter of (5 km. In the obtained histograms the median pe-
ometries are almost pole-on, or the asteroid shapes are clggd concentration remained the same. At the moment there is
to spheroidal. Observational verification of these pobSé#s insuficient data to assess the significance of this result and we
would require long observing runs and photometric accuedicyassume that it is purely an observational bias.
the level of 1%. Pravec et al. (2008) obtained a similar histogram for NEAs

Unfortunately, besides the asteroids listed in Tables 23andgreater thaD = 0.2 km in which he also observed an excess of
we still have a number of objects which were observed in UBtow rotators. However, the objects in his sample displaghmu

favorable conditions and arefficult to interpret. This does not sjower rotations and Fig. 3 in Pravec et al. (2008) covers spi
mean bad weather conditions but variodkeets arising from ratesf < 0.5h™1. Because of this it is dicult to compare the

poor 1Q, lack of guidance, and inSicient bdfling at SALT.  two samples.
Because of this we are unable to obtain an unbiased estimate
of the number of fast vs. slow rotators in out sample of olsject ! httpy/www.minorplanetobserver.cgastigLightcurveParameters.htm
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Fig. 15. Histogram of spin rates of VSAs. In order to shorten the al&metersD. The sloped lines are maximum spin limits, drawn for the
scissa, we have omitted 2008 HJ, which has the spin raté ef strength cofficientsx = 1P Nm=2, x = 1P Nm¥2, and densities
84.4h . The inset plot displays in more detail the left part of thigier o = 2500 kg N3, p = 5000 kg n3

nal histogram, where most objects are located.

Similar estimates were made for a number of fireballs.
YElected results, for the largest of them, are presenteahile 7.
As bolide fragmentation is often a multi-stage process, era-c
ute two values for the strength dhieient: the minimak for the
rst breake-up and the averagdor the main body disruption.
For simplicity we assume the atmospheric load at the time of
ragmentation is the same as the tensile strength of the kody
nd consider it to contain fully cracked material. The Cagan
eteorite, considered to be a monolithic body with few cgaik
an exception here as it survived atmospheric entry withmag-f

To better show the properties of the observed asteroids
present them in a plot of rotation period verstietive diam-
eter (Fig. 16). It includes not only VSAs, but also also larg
objects — both NEAs and Main Belt Asteroids (hereafter MBA
—taken from the LCDB. What is clearly visible in this plot feat
all objects with diameters greater than 1 km have periodgdon
than 2.2 h, while many VSAs display much faster rotation wit
periods as short as several minutes or even less. This igbfeos
because these small bodies are held together by tensitgtire

rather than gravity. There is a limit to their spins, howewget ; : ;
. . " mentation. For comparison we also quote the results olutdipe
by centrifugal forces. Holsapple (2007) derived an appnate Housen & Holsapplg (1999) for grar?ite specimens. U

formula which gives an upper bound to the spin limit of the as- Based on the values effrom Table 4. we assume for the as-
teroid in the strength regime. He also noted that the lowanbo oid material a minimum value~ 106 N m-3/2 for the tensile
should be about 1.3 times below the upper bound, and thelac X .

strength cofficient.

spin limit should be located in between. For statisticalposes S
this approximation is satisfactory. To compute the spin Ilmlt_s for our sample of VSAs we as-
We rewrite Eq. 5.9 from Holsapple (2007) to compute th%unlwe, for”_an q\(/je(rag(ke]bz;steml(():l,?a ;nodez)a;()ely elon_gatled slfllape
; : : : prolate ellipsoid (withb/a = 0.7,c/a = 0.7), a typical angle
rotation periodP (in hours) rather than the angular velodity of friction of ¢ = 40° (Richardson et al. 2005), a density of

7.3x10% (p\V2 ., p = 2500kgn?, and the strength céiecientx = 10° N m~3/2
=—< (—) D4, (1) (10’ dynescm®?). The line obtained with these parameters is
shown in Fig. 16. While its slope depends on the exponeb, of
HereC, defined by Eq. 5.10 in Holsapple (2007), is a unitled§e actual position is most sensitived@ndp. To show this we
parameter depending on the asteroid shape (approximatad tigplotted the line for two other combinationsioéndp.
triaxial ellipsoid) and the angle of frictiop,is the asteroid bulk A comparison of the limit spins in Fig 16 with the ob-
density« is the tensile strength cfiient, andD is the dfective  served rotation periods shows that the line obtained with
diameter in meters. 10° N m~%2 and a typical asteroid density is a reasonable match
Is is assumed (Holsapple 2007) that the tensile strekgfh to the present data with only one object displaced signifigan
asteroids is size-dependent. The actual relation betlemrd to the right of it (2000 WHy). Itis thus possible, that this line in-
D is related to the distribution of cracks throughout the bodgleed marks the approximate border at which most asteroids un
Housen & Holsapple (1999) showed, that for a wide range dergo fragmentation due to the centrifugal forces. Howeter
samplesk = «r~%2, wherer = D/2. To estimate the value of significance needs to be confirmed with more data, which are no
k, one would have to apply static pressure to a sample of astasy to collect. We note that a similar border was first pregos
oid material. This has been done for various meteorite sesnpby Holsapple (2007), but he did not present justificationHisr
and terrestrial rocks, but the results may not be applicablechoice of the tensile strength dieientx = 2.25x 10° Nm~3/2,
actual objects observed in space. Recently, the disirtegraf In Fig. 16 there is a gap between the spin limit line and
2008 TG in the atmosphere presented a unique opportunity ttee majority of asteroids which seem to form another border o
estimate the dynamic loading at which fragmentation o@zlirrslightly greater slope and smaller This could be theféect of
(Jenniskens et al. 2009). It was assumed that this pressurehbiservational biases, uncertainties in tffe&ive diameters, dif-
equal to the tensile strength of the body, although Nemtshinferences in the asteroid taxonomy types/anthe approximate
& Popova (1997) suggest it should actually be 2.7 times greatature of the theory predicting the tensile strength ofehmssd-

K
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ies. However, there is still one more possibility which wentva Table 4. Tensile strengths of selected stony fireballs.
to consider.

Fig. 16 presents a snapshot of the continuous evolution afleteorite D k K Ref.
rotation periods of asteroids, mainly due to the YORI@&. In [m] [MPa] [Nm™/7?
Paper Il we discussed briefly the influence of YORP on the roAlmahata Sitta ~ 1st fragm. 4 0.2-0.3 -3C° [1]
tation of VSAs and mentioned near-Earth asteroids, for fwhic main fragm. 4 1 110°
this efect was observed. Among VSAs there is only one ob-EN070591 Istfragm. 14 <04 <3.10 [2]
ject — (54509) 2000 P for which the YORP ffect has been main fragm. 1.4 9 610°
detected. Lowry et al. (2007) performed a simulation that nuEN171101 Istfragm. 1.4 4 A (2]
merically propagated the orbits of 2000 Pbhd its 999 close mr?c')“f:;‘;?nm- 1-049 L 7>1126 >9110207 2]
clones into the future and followed the evolution of theimsp Granit lab. sample  0.03 10 a0 B3]

sFates. They founq that gifter ab(_)ut o Myr 75% of particles Sl'ﬁote: D is the dfective diameter, given in the literature or computed by
vived, and(’)[hat their medlan_rotatlo_n period was abqu'[ 9terA s from the estimated mass under the assumption of a bulikylens
15 Myr 50% of clones survived with a median period of abouf_ 5500 kg ms3, k is the tensile strength, ands the tensile strength
40s. ) ) . ) codficient. Almahata Sitta originates from 2008 FC
In Fig. 16 we mark the spin evolution of 2000 PMWith a References: [1] Jenniskens et al. (2009), [2] Borovitkapki®y
vertical arrow, which begins at its current spin®f= 0.2029 h  (2008), [3] Housen & Holsapple (1999)
and ends aP = 0.01 h, where the asteroid has a 50% probability
of moving to after 15 Myr. After 5 Myr, 2000 P4¢should cross ] o ) .
the continuous line marking the spin limit, where its peratl ~ Undergoing fragmentation in the atmosphere. This resiétris
be abouP = 0.025 h. tative and needs confirmation with more data. There is a lack o
While we do not have similar evolutionary tracks computel@rger VSAs close to the spin limit which may be caused by se-
for other VSAs, the example of 2000 Bshows us that the time lection gfects or other reasons. To investigate this issue we have
taken to increase the rotation rate towards the spin linitms Started a new survey of small NEAs with SALT, paying more
comparable to the dynamical life-time of a typical neartEas- aftention to the asteroids in the 20 H < 21.5 mag region.
teroid (which, according to Gladman et al. 2000, has a medi&Re data are already collected and we are now in the process of
value of about 10 Myr). What is more, the intensity of the YOR@Nalyzing them. Results will be published in a following pap

effect is inversely proportlonal to the diameter squared, ab tr}\ckno wledgements. TK is grateful to A. Kryszczynska, and E. Bruss.
objects larger than_ 2_00_0 BHwill, on average, need more t_lmeKwiatkowska for their help in reduction of some of data. Amaymous referee
to reach the spin limit line. Many of them may never do it benade helpful comments which improved the paper. MP was stegpty the
fore they are removed from the population of NEAs. THig&t Polish MNiSW grant N N203 387937. All of the observationsaeed in this
could exp|ain the gap (Wh|Ch increases with diameter) in E@ paper were obtained with the Southern African Large Telgs¢S8ALT).
between the spin limit line and the majority of VSAs.

Of course, the time taken to reach the spin limit line depenglseferences
also on the initial period with which the asteroid enterspbp-
ulation of NEAs. While the intensity of the YORRtect in the Birtwhistle, P. 2009, Minor Planet Bulletin, 36, 186
Main Belt is about an order of magnitude smaller than in tlg’rg"'c"a';- f\‘/l_sf]“:”g 1?08' Arﬁ‘f“vé‘sgégé |
Earth’s neighborhood, the dynamical life-time is much leng Hoa}s;?)%?é KA 2007 loarts 187 0g A e
Thl_s Ieave.s alot pf tlme_fqr some of the Ma_m-BeIt. VSAs, a}ftqqousen, K. R. & Holsapple, K. A. 1999, Icarus, 142, 21
their creation during collisions of larger bodies, to irage their Hudson, R. S. & Ostro, S. J. 1995, Science, 270, 84
spins prior to transferring to a near-Earth orbit. THiget of in- Hudson, R. S. & Ostro, S. J. 1999, Icarus, 140, 369
creasing the rotation rate due to the YORFeet is visible, for Jeinokens. P S1acdae, M 1 B e, o o o ta i >
example, in histograms obtained for small MBAs dfelient di- yjiatkowski, T., Buckley, D. A H., O'Donoghue, D., et al. @8a, A&A, DOI:
ameters by Warner et al. (2009). Recently Masiero et al. 4200 10.10510004-6361200913152,
observed many small MBAs and also found a deviation froswiatkowski, T., Kryszczynska, A., Polinska, M., et al. 200 A&A, 495, 967
the Maxwellian distribution both for the slow and fast ratgt E;VV:I?;"OS"VSC'“ giéz*;%snzq%%”i‘arpﬁvzg'";Sk:tra'\f-vz %B?Dtgégg‘l% ‘;%5; 967
objects. These studies, however, included astermdspf&ter.s _Mann, R. K., Jewitt, D., & Lacerda, P. 2007, AJ, 134, 1133
generally greater than 1 km. In the case of VSAs, this denati vasiero, J., Jedicke, R., Durech, J., et al. 2009, Icar, 14
from the collision-shaped Maxwellian distribution can baah Nemtchinov, 1. V. & Popova, O. P. 1997, Solar System Rese&t408
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telescope. In total, we have obtained new periods for 26 very
small asteroids on near-Earth orbits, which increasesuheer
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